Fibroblast growth factors (FGFs) effect cellular responses by binding to FGF receptors (FGFRs). FGF bound to extracellular domains on the FGFR in the presence of heparin activates the cytoplasmic receptor tyrosine kinase through autophosphorylation. We have crystallized a complex between human FGF1 and a two-domain extracellular fragment of human FGFR2. The crystal structure, determined by multiwavelength anomalous diffraction analysis of the selenomethionyl protein, is a dimeric assemblage of 1:1 ligand: receptor complexes. FGF is bound at the junction between the two domains of one FGFR, and two such units are associated through receptor:receptor and secondary ligand:receptor interfaces. Sulfate ion positions appear to mark the course of heparin binding between FGF molecules through a basic region on receptor D2 domains. This dimeric assemblage provides a structural mechanism for FGF signal transduction.
F
ibroblast growth factors (FGFs) stimulate a variety of cellular functions by binding to cell surface FGF receptors (FGFRs) in the presence of heparin proteoglycans. FGFRs are single-chain receptor tyrosine kinases that become activated through autophosphorylation that is thought to be induced through a mechanism of ligand-mediated receptor oligomerization (1) . Receptor activation gives rise to a signal transduction cascade that leads to gene activation and diverse biological responses (2, 3) . Both FGFs and FGFRs are expressed in defined spatial and temporal patterns, and they are involved in differentiation of both epithelial and neuronal cells. FGFs are potent mitogens for many cell types. Aberrant signaling through FGFR can lead to tumorigenesis and skeletal disorders (4) .
The FGF system has appreciable diversity in both ligands and receptors. The FGF family contains at least 15 distinct factors, highly conserved across mammalian species but divergent (30-70% sequence identity) among paralogs (2) . The FGFR family includes four identified genes and numerous subtypes of alternatively spliced isoforms, particularly within the well characterized FGFR1 and FGFR2 types. Differential responses follow from this diversity.
FGFRs have an extracellular portion imbued with the ligandbinding potential, a transmembrane segment, and a tyrosine kinase domain in the cytoplasm (2) . The extracellular portion comprises three Ig-like domains, D1, D2, and D3, with an acidic stretch of approximately 30 residues, the acid box, between D1 and D2. Isoforms generated by alternate splicing events include receptors that lack Ig-like domain D1 or both D1 and the acid box, as well as variants having two alternative sequences for the C-terminal half of the third Ig-like domain. The FGF binding site has been mapped to domains D2, D3, and the interdomain linker.
FGFs are secreted factors originally identified based on their mitogenicity toward fibroblasts. They are small proteins for which several FGF crystal structures have been determined; all have 12 ␤ strands in a ␤-trefoil fold (2) . Mutational analyses have mapped the sites of interaction with FGFRs (5) . Sites of interaction between FGF and heparin have been identified in structures of complexes between heparin fragments (6) (7) (8) .
We have produced a complex between human FGF1 (acidic FGF) and a fragment of human FGFR2 that comprises Ig-like domains D2 and D3. Both components were expressed as recombinant selenomethionyl proteins in Escherichia coli, and the crystal structure of the complex was determined at 2.4 Å resolution by the method of multiwavelength anomalous diffraction (MAD). The ligand-binding domains of the receptor are disposed in a unique manner with FGF bound between D2 and D3. Although the ligand and receptor are combined as a 1:1 complex in solution, two such complexes are associated as a symmetric dimer in the crystal lattice. Features of this crystallographic dimer appear to be relevant to signaling.
Materials and Methods
Expression and Purification of the FGFR2 Construct. We cloned the D2 and D3 domains of human FGFR2 from a cDNA corresponding to a natural splice variant (9) into the pET22b secretion vector (Novagen) using PCR primers that contain the NcoI and BamHI restriction sites, respectively (5Ј-GGCAGAGCCCA-TGGATCGGCCCTCCTTCAGTTTA-3Ј) and (5Ј-GCATAGG-GGGATCCTTACTCCAGGTAGTCTGGG-3Ј). This vector (FGFR2-D2D3) adds two N-terminal residues as a cloning artifact after signal cleavage and includes a short piece that precedes domain D1 joined directly to Ig-like domains D2 and D3 (IIIc variant), terminating at the transmembrane boundary. In sum, this gives Met-Asp followed by FGFR2 residues 22-36, a R152G replacement at the splice junction and residues 153-377. The vector was expressed in E. coli BL21 (DE3) under control of the T7 promoter. N-terminal sequencing showed that signal processing had occurred; insoluble protein accumulated, nevertheless, presumably in the periplasm. Protein was solubilized in 6 M guanidinium HCl; diluted into 0.5 M arginine, 250 mM NaCl, 0.1 mM glutathione, 0.01 mM oxidized glutathione, 1 mM EDTA, 50 mM Tris (pH 8.0), and 0.05% PEG4K at room temperature; and further diluted and͞or dialyzed to reduce guanidinium and arginine to negligible concentrations. Selenomethionyl protein (93%) was produced by a nonauxotrophic protocol (10) .
Expression and Purification of FGF1 and the Complex. We cloned human FGF1 by means of PCR amplification into the pET3a vector using primers containing the NdeI and BglII restriction sites, respectively (5Ј-GGCCATATGAATTACAAGAAGCCCAA-ACTCCTCTAC-3Ј) and (5Ј-GCGAGATCTCTAATCAGA-AGAGACTGGCAGGGGGAG-3Ј). This vector was expressed in E. coli JM109 (DE3) under control of the T7 promoter, both for natural and selenomethionyl proteins (10) . Soluble, fulllength (1-140) FGF1 was clarified by ultracentrifugation after cell lysis and was loaded onto a Hi-Trap heparin column (Amersham Pharmacia). After washing with buffer, this FGF1-heparin column was loaded with refolded FGFR2-D2D3. Incorrectly folded FGFR and inclusion body contaminants were washed away, and the complex was eluted at 1.5 M NaCl. We exchanged the buffer for 20 mM Tris (pH 8.0), 150 mM NaCl, and 1 mM EDTA and separated aggregated FGFR and monomeric FGF from the complex by Superdex 75 gel filtration. The complex eluted at a volume corresponding to 50 kDa.
Crystallography. Crystals were grown by hanging-drop vapor diffusion against 1.6 M (NH 4 ) 2 SO 4 in 10 mM Tris (pH 7.5), starting from 1 l of 10 mg͞ml complex and 1 l of 2:1 diluted reservoir buffer. Microseeding and macroseeding were used to achieve diffraction quality. Typical crystals had dimensions 0.35 ϫ 0.35 ϫ 0.15 mm. They are in space group I422 with a ϭ b ϭ 129.97 Å and c ϭ 129.06 Å and contain one 1:1 complex per asymmetric unit with 61% solvent content. Crystals were frozen in a cryoprotectant composed by adding 9% sucrose (wt͞vol), 2% glucose (wt͞vol), 8% glycerol (vol͞vol), and 8% ethylene glycol (vol͞vol) to the reservoir buffer. MAD data were measured at four wavelengths near the Se K edge by using a Q4R charge-coupled device detector system at beamline X4A of the National Synchrotron Light Source. HKL (11) was used for data processing, MADSYS (12) was used for phase evaluation from five Se sites, and DM (13) was used for density modification. The model was built in O (14) and refined with REFMAC (13) against all data from spacings between 6 and 2.4 Å.
Structure Comparisons. Receptor domains were compared against existing structural data with DALI (15) . Structure-based alignments were refined in TOSS (16) by using a superposition criterion to include segments having at least three contiguous C␣ positions within 2.5 Å. For analysis of tandemly repeated Ig-like domains, each domain was transformed by superposition of a core set of C␣ atoms in ␤ strands B, C, E, F, and G onto the equivalents in telokin (17) placed in a canonical reference frame. This frame is defined by C␣ positions relative to the disulfide bridge between residue n on ␤B and m on ␤F such that the origin is at the midpoint of n Ϫ 3 and m Ϫ 3, z is directed through the midpoint of n ϩ 2 and m ϩ 2, y ϭ z ϫ x, where x is from m(F) to n(B), and x ϭ y ϫ z.
Results
Structure Determination. Although our D2D3 fragment of FGFR2 was ill-behaved in isolation, it formed a stable complex when captured by heparin-associated FGF1. This is a 1:1 complex at Ϸ20 M as judged by gel-filtration chromatography. Analysis of MAD data from a crystal of the selenomethionyl proteins (Table 1) gave a readily interpreted map. There is one FGF1:FGFR2 complex in the asymmetric unit. The atomic model refined at 2.4 Å resolution (Table 1) includes residues 5-140 from FGF1, residues 147(32)-296 and 307-362 from FGFR2, 319 water molecules, and 9 sulfate ions. The intimate association in this FGF1:FGFR2 pair makes identification with the complex in solution plausible; however, a diad axis of the crystal relates two such complexes through both receptor-:receptor contacts and second-site receptor:ligand contacts. This crystallographic dimer appears to be relevant to the signaling dimer that naturally requires heparin as well as FGF for activation.
Receptor Structure in the Complex. The extracellular portion of the FGFR in our complex has an extended disposition of its Ig-like domains (Fig. 1 ). Domains D2 (residues 152-249) and D3 (residues 
18,908͞1,010 rms bond ideality, Å 0.009 rms B, bonds͞angles, Å 2 1.32͞2.26
254-360) are separated by a four-residue linker peptide extended such that there are no contacts between the domains. The overall structure appears to be dictated by contacts of the two domains with the FGF ligand, in absence of which a flexible linkage would be expected. Only the first two residues are ordered in the 17-residue C-terminal extension from D3 to the transmembrane segment of FGFR2. This suggests a flexible tethering to the membrane, which can be viewed as at the bottom of Fig. 1 . Most of the 17-residue N-terminal extension before D2 in the construct is also disordered. Five ordered residues extend away from D2D3 in a conformation that may arise from crystal lattice contacts. Domains D2 and D3 are folded as shown in Fig. 1B . Precise boundaries of the elements of secondary structure are given in Fig.  2 . Both domains adopt Ig-like folds as expected (18) , despite little sequence similarity beyond the conventional disulfide bond; however, aspects of the topology are not as predicted from telokin (19) . In particular, D2 has a helical turn between ␤A and ␤AЈ and D3 has ␤CЈ in place of strand D and a short helix (␣E) before ␤E. This produces a cleft between the CЈE and BC loops, where many interactions with the FGF ligand occur. The CCЈ loop of D3 also flares out away from the body of the domain and is apparently flexible as residues 297-306 are disordered. The pattern of fractional surface accessibility in FGFR2 is shown in Fig. 2 .
Systematic database searches find structural similarities to numerous Ig-like domains, and the best DALI scores for both D2 and D3 are with telokin. After refined alignments, telokin superimposes remarkably well with an rms deviation of 1.01 Å for 89 equivalent C␣ atoms in D2 and an rms deviation of 1.06Å for 78 matches onto D3. Vascular cell adhesion molecule (VCAM) (20) scores the highest among structures with tandemly repeated Ig-like domains, and the IL-1 receptor (21) scores best among growth factor receptors. Refined structure-based alignments of the two FGFR2 domains with VCAM and the IL-1 receptor are shown in Fig. 2 . D2 is more similar to D1 of VCAM (69 matches, 1.24 Å rms deviation) than it is to D2 of the IL-1 receptor (59 matches, 1.32 Å rms deviation), whereas D3 is more similar to D3 of the IL-1 receptor (67 matches, 1.26 Å rms deviation) than to D2 of VCAM (56 matches, 1.43 Å rms deviation). This is somewhat surprising because similarities in topology with D3 are the opposite.
Ligand Structure in the Complex. The structure of FGF1 in the complex has the expected ␤-trefoil fold (22) , and in detail the cores B A 1, 2, 3) . from ␤1 to ␤12 (residues 11-137) of free FGF1 (22) , the heparin complex (8) , and the receptor complex are indistinguishable except at loops ␤4͞␤5 and ␤8͞␤9, where there are receptor contacts, and at loop ␤11͞␤12 because of heparin contacts. Otherwise, deviations (0.41 Å rms) are within variations seen before (8) . The ends extending from the core do differ, however, both in the extent of ordering and in conformation. The N terminus is ordered starting at residue 5, and the C terminus is fully ordered. Both of these extensions make contacts with the receptor.
Dimeric Assemblage. The receptor and ligand are associated in the crystal as a symmetric 2:2 complex, as shown in Fig. 3A , although the complex has a 1:1 composition in solution. The diad axis of symmetry is roughly parallel with the long axis of the receptor, bringing the receptors into apposition at one face of domain D2. There are no ligand:ligand contacts, but each receptor molecule makes contacts with both ligand molecules. Thus, a dissection of this crystallographic dimer into the constituent 1:1 complexes is not formally possible. The dimeric assemblage does have two distinct sides, however, and it seems likely that the complex in solution corresponds to the receptor:ligand pair seen in Fig. 1 and at each side in Fig. 3A . We describe this as the ipsilateral protomer. Contacts of the receptor with the ipsilateral ligand are both much more extensive and better disposed for stable association than those with the contralateral ligand.
A total of 2,388 Å 2 in solvent-accessible surface area is buried into the primary, ipsilateral interface as compared with a total of only 565 Å 2 in the secondary, contralateral receptor:ligand interface. Moreover, the ipsilateral protomer is compact with extensive contacts from both D2 and D3 to the ligand, whereas the contralateral protomer has only D2 in contact with the ligand, making it tenuously extended as an isolated complex. It is plausible to view dimerization as a rigid-body docking of two preformed ipsilateral complexes. Receptor molecules of the dimer are in contact at the AB loops and between ␤B and ␤E of D2. This receptor:receptor interface buries 378 Å 2 in surface area. The entire buried area in the interface between two ipsilateral protomers, including the two secondary ligand contacts, is 1,508 Å 2 . Receptor residues in intercomponent contacts in the dimer are marked on Fig. 2 .
Ligand:Receptor Interactions. The primary ligand:receptor interaction, at the ipsilateral interface, has FGF1 embraced by the receptor at the juncture of domains D2 and D3, which is as expected from mutational analyses. Contacts with D3 predominate, but there are substantial interactions with D2 and the interdomain linker segment as well. The receptor surface buried into this interface is apportioned into 350 Å 2 from D2 (13 residues), 164 Å 2 from the linker (residues 250-253), and 659 Å 2 from D3 (23 residues). A substantial fraction of the ligand surface is involved in receptor binding, with portions of 39 of the 136 FGF1 residues buried into the primary interface and another 9 into the secondary site at the contralateral interface. These residues are in the loops connecting or extending from all 12 strands of the ␤-trefoil or in the strands themselves. The heparin binding site on FGF1 (8) remains free however.
The primary FGF binding site on D2 mainly involves the AЈ strand and the C-terminal portion of the G strand. This is at a side on the body of D2, in contrast to the binding site on D3, where interactions are at loops. A portion of the interaction is shown in Fig. 3B . Much of it has a hydrophobic character, but there are several hydrogen bonds as well. FGF1 residues at this interface are from ␤1, the ␤1͞␤2 turn, the ␤3͞␤4 loop, ␤9, the ␤10͞␤11 loop, ␤12, and the C terminus. The linker segment of the receptor interacts with FGF1 residues at the N terminus, ␤8, ␤9, and ␤12. Ligand residues that interact with D2 and the linker are conserved in character among most members of the FGF family, suggesting that little discrimination in FGF signaling comes from this interface.
Interactions of FGF1 with D3 are at the N-terminal end of the domain. The ␤4͞␤5 hairpin (residues 46-57) and N-terminal extension of FGF1 (residues 5-9) are insinuated into the large cleft that is created between the BC and CЈE loops as helix ␣E flares away from the domain body (Fig. 3C) . Loop FG on the receptor and ligand residues from ␤6, the ␤7͞␤8 loop, and ␤8 of FGF1 are also involved. The binding cleft includes many water molecules, several direct hydrogen bonds, and a few hydrophobic interactions. Conserved ligand residues are engaged here as with D2; notably, Glu87, which was sensitive to mutation in FGF2 (Glu96) (23) , makes a central hydrogen bond to the BC backbone. Many other interactions involve nonconserved residues, making it likely that this interface contributes to binding specificity. For example, the re- spective changes of Asn7 and Glu49 to glycine and valine in FGF7 would be expected to disrupt binding, as is observed. How it happens that the IIIb splicing alternative confers affinity for FGF7 while retaining FGF1 binding is unclear. Because the IIIc to IIIb change deletes two residues at the ␣E͞␤E junction, the cleft structure in the variant could be quite different. The secondary ligand:receptor interaction mainly involves contacts of receptor residues from the CЈD and EF loops of D2 with ligand residues from the ␤8͞␤9 and ␤11͞␤12 loops of FGF1. This interface is near other contacts in the dimeric assemblage. This site on FGF1 for the contralateral receptor is contiguous with its ␤9 bound to the ipsilateral receptor, and this site on FGFR2 is juxtaposed to a receptor:receptor contact at Ser220, where, moreover, a sulfate ion is coordinated to both receptor and ligand.
Heparin Binding Site. We know the binding site for heparin on FGF1 from the complex with a heparin decasaccharide (8) . A basic-rich segment from loop ␤10͞␤11 through loop ␤11͞␤12 (residues 112-128) encompasses most of the site. FGF1 molecules in the dimeric assemblage have these heparin binding sites exposed on the upper surface of the ligand as viewed in Figs. 1 and 3A . They are orientated such that the two associated heparin axes of elongation are within 10°of being co-linear and normal to the molecular diad. The FGF1 heparin sites are separated by the intervening pair of D2 domains, between which there is a channel lined with the basic side chains of Lys176, Arg178, Lys208, Arg210, and His213 of each receptor chain. The electrostatic potential along this surface is markedly positive (Fig. 4A) .
Our crystals grown in 1.6 M ammonium sulfate incorporate 17 ordered sulfate ions per dimer. Nine of these are along the path of positive potential (Fig. 4B) , where there are also six sulfonate groups from the decasaccharide complex. Two sulfate ions are bound to each FGF1 in the dimer, one coincides with sulfonate site 3 from the heparin complex (8) and the other is farther out from the diad axis. Three unique sulfate ions are bound to FGFR2. One (site 2) is on the diad axis coordinated symmetrically by the receptor, a second (site 1) is coordinated asymmetrically in two copies between D2 domains, and the third (site 3) is at each contralateral ligand:receptor interface. Site 3 is at level approximately coplanar with the FGF1 surface ions, but sites 1 and 2 are at a higher level out along the diad axis.
We have produced a rough model of the ternary ligand:heparin: receptor complex by combining results from the structures of the heparin and receptor complexes with FGF1. The crystallized heparin-linked dimer of FGF1 has a single six-sugar heparin fragment sandwiched between two quasisymmetric FGF molecules that bind heparin in opposite directions. Here, we have superimposed one FGF1 from a ligand:heparin complex onto an FGF1 molecule in the ligand:receptor complex and the other onto its symmetry mate in the dimeric assemblage, in each case carrying along the same heparin fragment. The two transformed heparin fragments are consequently oriented in the same polarity, which necessarily breaks the symmetry of our dimeric assemblage. Next, we aligned an NMR model heparin (24) onto the experimentally defined six-residue pieces and found that a four-sugar fragment could be oriented and fused in place by appropriate glycosidic linkages with little adjustment. The modeled segment continues the pattern of alternating L-iduronic and D-glucosamino sugars and has sulfonate groups positioned near the crystallographic sulfate sites. The completed model (Fig. 4C) has the 16-sugar heparin chain threaded through the binding channel beneath a canopy of lysine and arginine side chains (Fig. 4D) , which coordinate sulfate ions in sites 1 and 2.
Discussion
Comparison with Other Ig-Like Receptors. Structures are now known for several growth factors or hormones in complexes with ligandbinding portions of their receptors. As here, others also bind the ligand at a junction between two Ig-like domains. Structures of Ig-domain receptor:ligand complexes include representatives from the helical-cytokine, cystine-knot, and ␤-trefoil ligand families. They reveal various modes of binding. The cytokine receptors for growth hormone (25) , erythropoietin (26) , and granulocyte colonystimulating factor (27) all bind their ligands at the outside of a sharply bent elbow between domains, the former two in 2:1 complexes and the latter in a distinctive 2:2 complex. Receptors for the cystine-knot proteins vascular epithelial growth factor (28) and nerve growth factor (29) each form complexes with just one of two implicated domains, binding distinctively. The receptor for IL-1, another ␤-trefoil protein, has been studied in complexes with both IL-1 (21) and the IL-1 receptor antagonist (30) .
We have compared the mode of ligand binding by FGFR2 with that in other receptor:ligand complexes and also the relative disposition of the two Ig-like domains of FGFR2 with that in those receptors and in other tandem Ig-domain structures. The results are summarized in Fig. 5 . The two domains of FGFR are disposed unlike others except N-cadherin (Fig. 5 A and B) ; and while FGF1 relative to D3 (Fig. 5C ) is at the junctional loops as in several other complexes, it is uniquely placed at the AЈG sandwich edge relative to D2 (Fig. 5D ). As suggested (31), the FGF:receptor complex is most like the IL-1 receptor complexes. This relationship is largely superficial, however, because all interactions are arranged differently.
Signaling Implications. The FGF1:FGFR2 complex offers an elegant structural solution to the problem of transmembrane signal transduction, but it also presents some puzzles. The dimeric assemblage seen here is a plausible model for the signaling complex when heparin is bound as suggested by the course of sulfate ion sites through the electropositive channel. The C termini of FGFR2 D3 are separated by 48 Å, which is similar to other presumed signaling complexes such as growth hormone (29 Å) or CD4 dimers (28 Å). Thereby, the FGFR tyrosine kinase domains across the membrane will be brought into juxtaposition for autophosphorylation in trans. We suggest that FGF first binds to cell-surface receptors in 1:1 complexes, which then associate into signaling dimers in the presence of heparin proteoglycans.
The 1:1 FGF1:FGFR2 complex that we find in dilute solution (Ϸ20 M) is compatible with the K d of 41 nM observed for the analogous FGF2:FGFR1 complex (32) , to which a second FGFR1 molecule could be recruited (K d ϭ 2 M) in the presence of heparin. We presume that dimeric 2:2 assemblages form here without heparin because of the high concentrations in the crystal (12 mM), and perhaps even in the crystallization medium (220 M). Conflicts of our observations with reports of 2:1 receptor:ligand stoichiometries remain puzzling (32, 33) . There are puzzles in rationalizing this work with previous results on heparin binding as well. The coincident sufficiency of eight-residue heparins both for FGF1 dimerization and for cell activation through FGFR2 seemed to suggest relevance for a heparin-linked FGF1 dimer (8) , but a structural conjunction of that dimer with ipsilateral 1:1 complexes provides an implausible basis for signaling. On the other hand, the extended heparin binding site seen here (up to 16 residues) would seem to suggest greater potency for longer sugars, whereas 5-kDa and 3-kDa heparins (Ϸ10 hexoses) were found to be equally effective (32) .
Aberrant signaling because of mutations in extracellular FGFR residues is associated with severe human skeletal and craniosynostosis disorders (4) . Most such defects in FGFR2 appear to cause constitutive receptor activation through inappropriate disulfide bond formation (34) , often through cysteine exposure from a destabilized domain D3. A few occur at the primary ligand interface, notably S252W and P253R, which uniquely cause Apert's syndrome. These may lead to pathologically tight ligand binding.
After we had completed the structure analysis of this FGF1:FGFR2 complex, the structure of an FGF2:FGFR1 complex was reported (38) . We have not made a detailed comparison because the atomic coordinates are not yet available, but the two structures are clearly similar despite differences between isoforms and lattices. This strengthens the suggested structural basis for FGF signaling. 
